Absfracf-This paper describes a novel distribution-level voltage control scheme that can compensate voltage sag and swell conditions in three-phase power systems. Faults occurring in power distribution systems or facilities in plants generally cause the voltage sag or swell. Sensitivity to voltage sags and swells varies within different applications. For sensitive loads, even a voltage sag of short duration can cause serious problems. Normally, a voltage interruption triggers a protection device, which causes the shutdown of the entire load. I n order to mitigate power interruptions, this paper proposes a scheme for voltage sag support based on a pulse width modulated (PWM) autotransformer. The proposed scheme is able to quickly recognize the voltage sag or swell condition, and it can correct the voltage by either boosting the input voltage during voltage sag events or reducing the voltage during swell events. The key advantage in this voltage boost topology is that it uses only one controlled switch per phase to boost the input voltage, thereby resulting in minimum cost per kVA. The paper presents the new voltage control topology, as well as the voltage detection method, the snubber design, and the commutation logic for the thyristor bypass switch. Experiments have been carried out to verify the validity of the proposed scheme.
INTRODUCTION
With an increase in the use of sensitive loads, the power quality issues have become an increasing concern. Poor distribution power quality results in power disruption for the user and huge economical losses due to the interruption of production processes. According to an EPPJ (Electric Power Research Institute) report, the economical losses due to poor power quality are $400 billion dollars a year in the US. alone [I] . Many power quality surveys have been done which show that voltage sags have been identified as the most serious power quality problem facing industrial customers today. A voltage sag is defined as a momentary decrease of the voltage RMS value during 0.5 -30 cycles.
A sag can cause serious problem to sensitive loads that use voltage-sensitive components such as adjustable speed drives, process control equipment, and computers [2] , [3] . Some applications such as automated manufacturing processes are more sensitive to voltage sags and swells than other applications. For sensitive loads, even a voltage sag of short duration can cause serious problems.
In order to increase the reliability of a power distribution system, many methods of solving power quality problems, especially voltage sag, have been suggested. Many voltage sag mitigation schemes are based on inverter systems consisting of energy storage and power switches. Recently, to regulate power flow in the transmission system, flexible [6] . The advantages of the FACTS devices are their excellent dynamic capability. However, they are relatively expensive systems because of the inverter system. Existing methods of voltage sag mitigation using gate turn-off switches for PWM need at least two switches per phase. Other methods use a direct AC-AC converter topology. In addition to requiring at least two switches per phase, they require energy storing reactive components.
In an effort to achieve the advantages of a fast response time, but at a significantly lower cost, the PWM switched autotransformer is proposed here [7] . The proposed system has only one PWM switch per phase with no energy storage, which is a very low cost solution for voltage sag mitigation. Any power electronic switch for a high voltage application is expensive, and the peripheral circuits such as gate drivers and power supplies are even more expensive than the device itself.
The overall cost of power electronics-based equipment is nearly linearly dependent on the overall number of switches in the circuit topology. Hence, this paper suggests a scheme that uses only one PWM switch with no energy storage. Since fewer components are required in this scheme, the system becomes more reliable and less expensive. To efficiently mitigate the voltage sag event with the proposed scheme, many subsystem designs are required. In this paper, the analysis and design of the overall system, and experimental results are presented to demonstrate the validity of the proposed scheme.
SINGLE SWITCH BOOSTING TOPOLOGY

A. Voltage Sag Mitigation Scheme using AC converters
Various AC converter technologies have been proposed for AC output voltage control [SI-[lo] . The well-known DC to DC conversion technology has been adapted to AC to AC conversion technology. Also, mature PWM technology is used to regulate the output voltage as constant values during sags or swells. Figure 1 (a) shows the buck topology for a single-phase application. AC converters consist of two solid-state switches per one phase and require reactive elements such as a capacitor and an inductor. Since the current in the AC converter flows in both directions, static switches and diodes are serially connected to allow both directions current.
Switches SI and S, operate complementarily; hence, it is necessary to provide a turn-on delay between S, and S, switching to avoid a short circuit. Figure 1 (b) shows one example of an output voltage contol i scheme based on AC converters. A buck type converter with a boosting transformer is used for a voltage sag mitigation scheme. In Figure 1 (b), the LC filter is included to generate a more sinusoidal output voltage. 
B. The Proposed System
The AC converter topology is an inexpensive approach for low voltage and low power implementation, but the switch used for high voltage systems is expensive. The switch cost is a significant portion of the overall system cost. Therefore, minimizing the number of switches significantly reduces cost.
Reducing the number of switches has a high priority in this new scheme. This paper considers two voltage mitigation schemes that use only one PWM switch for output voltage control. They are the so-called series type and shunt type schemes as shown in Figures 2 (a) and (b), respectively. In these schemes, an autotramformer is used for a boosting transformer instead of a two-winding transformer. The names are based on how the injecting voltage is added to the output voltage. In the shunt type scheme, the switch is located before the autotransformer, and the developed voltage is injected in a shunt manner. In the series type scheme, the switch is located after the autotransformer, and the developed voltage is serially added to the supply voltage. The autotransformer in Figure 3 does not offer electrical isolation between primary side and secondary side but has advantages of high efficiency with small volume.
The relationships of the autotransformer voltage and current are expressed in (I) , where a is the turns ratio. In this paper, a transformer with ratio N , : N2 = I : 1 is used to boost up to a 50% voltage sag.
As the tuns ratio equals 1:2, the magnitude of the load current IH (high voltage side) is the same as that of the primary cuFent I, (low voltage side). From (I) , it is clear that VH =2VL and IL = ZIH.
The series type and shunt type topologies are compared below to determine which one is preferable in a high voltage implementation. Initially, the magnitudes of the switch current and the voltage across the switch are compared. It is assumed that the duty-cycle of the switch is 100%. In the series type topology, since the switch is located in the autotransformer's primary side, the magnitude of the switch current equals the load current, whereas in the shunt type topology, the switch current is two times the load current. Based on the magnitudes of the switch currents in both topologies, the series type scheme is preferred.
This voltage sag supporter works for only a few seconds and remains in the off-state most of its operation time.
Since the switch remains in the off-state for most of the time and must withstand the voltage across it, the voltage across the switch becomes an important factor when selecting the shunt or series type because it affects the expected lifetime of the switch. In the shunt type topology, the voltage across the switch in the off-state is equal to one half of the input voltage, while in the series type case, that is equal to the magnitude of the input voltage. Since the voltage across the switch is considered tn be a more important factor for overall system safety in a high voltage application, the shunt type topology is chosen for the voltage sag mitigation scheme. bridge Configuration, a thyristor bypass switch, output filters, an autotransformer, and the system controller. The IGBT, which makes up the high voltage bidirectional AC switch, operates only during a voltage sag condition and regulates the output voltage according to the PWM dutycycle. The anti-parallel thyristor is used as the AC bypass switch. This bypass switch connects the input power to the load unless the sag condition is present. Using a static bypass, the efficiency of the voltage compensator is very high because during normal operation, power passes only through the thyristors. To filter out the switching noise and reduce harmonics, output filters (a main capacitor filter and a notch filter) are attached to the output side. To suppress the over voltage when the switches are turned off, RC snubber circuits are connected across every IGBT and thyristor.
In this particular application, the magnitude of the input three-phase line-to-line voltage is 25 kV RMS, which is equivalent to 14.4 kV (20 kV peak) line-to-neutral singlephase voltage. Therefore, to keep the peak voltage of the switch under the rating of the switch, seven IGBT switching bridges are connected in series, operating as one .4C switch valve, and four thyristors are connected in series for the bypass switch. 
SYSTEM DESIGN
A. Snubber Design
In order to quickly and precisely control the output voltage or mitigate the input voltage sag, several design issues have to be considered. This section explains each design issue starting from the snubber design. Figure 5 shows the IGBT switching element with a bridge configuration, which enables that load current can flow in both directions.
The diode bridge arrangement is used to achieve bidirectionality at the lowest cost. When the switch is on, a positive current flows in the path D, ?, SW ?, Da and a negative current flows in the path D, ?, SW ?, D>. When the switch turns off, the current in the switch changes its path to the RC snubber noted as Rsoub and Csoub.
The role of the snubber is to suppress the peak voltage during turn off. After turning off the IGBT, its current diverts to the snubber, so the energy stored in a current path is dumped into the snubber capacitor. In this application, a 6.5 kV rating IGBT is used, and the recommended maximum voltage across it is less than 5 kV due to a thermal variation and a tolerance of components, especially snubber capacitors. The resistor's role is to limit the capacitor discharge current when the IGBT turns on. Using this condition, the resistor value is chosen to be 7 R.
The capacitor value is selected based on the 7 R resistor.
The approximate capacitance value of the snubber is determined by two conditions. The first condition is that the peak voltage during the IGBT off-state should be lower than 5 kV, and the second condition is that the capacitor voltage needs to discharge to lower than 10% of its charged value during the IGBT turn-on. When the minimum IGBT onstate time is greater than 2.5 x RC, it satisfies the second condition. The minimum turn-on time of the system is around 500 p e c for 1.5 kHz IGBT switching frequency.
Using the relation 500 ps > 2.5 x RC, it results in C < 28.5 pF, so that a 20 pF snubber capacitor is selected.
A 7 R resistor and a 20 p3 capacitor are derived only from the condition of restricting the initial discharge current and discharge time of the snubber circuit, respectively.
Therefore, it is n e c e s s q to validate whether or not the selected snubber values can prevent the IGBT voltage from exceeding 5 kV either by simulation or numerical analysis. A diagram of the equivalent circuit when the IGBT is off is shown in Figure 6 , and from this diagram the voltage and current relation can be expressed as (2).
Where Vi and V, are the voltages of the ideal transformer in the primary NI and secondary N2. R, and R2 are the primary and secondary resistance, respectively, L, and L,are the primary and secondary leakage inductance, respectively, and L, is the source inductance. By manipulating (2) with the assumptions that VI = V,, RI = R j , and LI = L2 (because of the 1:2 turns ratio From the previously determined values of R = 7 CZ and C = 20 pF, it is known that the circuit as shown in Figure 7 is under-damped. Therefore, the capacitor voltage can be expressed as (3), and e and K can be found by initial conditions. The initial snubber current is twice that of the load current and the initial capacitor voltage is zero by assuming that most capacitor voltage is discharged during the turn-on period.
v,(t)=V, +Ke-".cos(o,t-8)
The snubber voltage can be expressed in (4). The source voltage magnitude is V,,,,-2 V..g, and V, , is 20 kV. , and wd =
I
where, a = Rc .
, c
The voltage across each snubber using (4) is shown in Figure 8 (a), and Figure 8 (h) shows one cycle waveform simulated using PSPICEe. In Figure 8 (b) , it can be shown that since a sinusoidal current flows through the AC switch, the envelope of the voltage waveform across the switch is also sinusoidal. The peak voltage occurs when the load current through the switch is at its maximum value. From Figure 8 , it is clear that the peak voltage is below 5 kV using the selected resistor and capacitor values. 
B. Voltage Controller
The voltage controller based on a Proportional Integral (PI) controller is shown in Figure 9 . The input of the PI controller is the voltage error between the voltage reference Vm, and the load voltage Vlm,j. Kp is the proportional gain, and Kj is the integral gain. To avoid the wind-up phenomenon, the difference between the limiter's output and input is fed hack to the PI controller input, which provides an anti-wind-up scheme.
If the wind-up phenomenon is not corrected, a large voltage overshoot may occur at the moment of voltage recovery.
To achieve faster response, a feed-forward scheme is used. The difference between the voltage reference and the measured input voltage is added to the output of the PI controller. For the input voltage sag, the output of the feedforward instantaneously becomes positive, and this feedback is added to increase the actual duty-cycle of the IGBT switch, and vice versa. The feed-forward control is an effective way to speed up the response time at the beginning of the voltage sag and reduce the overshoot at the moment of voltage recovery. If three-phase parameters such as currents and voltages are balanced, the value of the DQ transformation results in constant DC values. In addition, the resulting DC values make the voltage controller design easier. The DQ transformation uses instantaneous values. Therefore, the detection time is much faster than other methods such as average, RMS, and peak detection. However, for the unbalanced voltage sag, this DQ transformation method does not show the instantaneous change of DC values; the output of the DQ transformation has a 120 Hz ripple component, which is twice the source voltage frequency. To get the DC values, a 120 Hz notch filter or a low-pass filter having its cutoff frequency lower than 120 Hz is recommended to remove the 120 Hz ripple component. The filtering using 120 Hz notch filter or low-pass filter causes delay in the voltage detection, hence it increases the detection time, which results in a delay in the overall response time.
To control and detect the voltage sag, the voltage control scheme used in this paper requires only the peak values of input and output voltages. Therefore, a simple method called the "peak detection method" [I I ] is used for detecting voltage. While the DQ transformation needs three-phase information, the peak detection method needs only a singlephase value. The low-pass filter having 300 Hz cutoff frequencies is implemented for eliminating measurement noises in the sensing circuits. The peak detection method is implemented as shown in Figure IO , and ( 5 ) forms the peak detection value as follows. The process of measuring the peak value can be explained as follows. The single-phase line-to-neutral voltage is measured, and the cosine value of this voltage is determined using a 90" phase shifter. Assuming a fixed value (60Hz) for the line frequency, the 90O-shifled value can he found by either an analog circuit or by digital signal processing. Both components of voltage are squared and summed to yield V',,,. Obtaining the square root of Vzm results in the peak value of the detected voltage. 
D. Thyristor Commutation Scheme
The thyristor is on during the normal voltage condition, i.e., in bypass mode, connecting power from the input to the load. To get a fast dynamic response, the static bypass switch is turned off as soon as the voltage controller detects a sag condition. In other words, the IGBT should be turned on as fast as possible to regulate the output voltage to avoid producing a worse voltage sag condition on the load. However, the thyristors are not self-commutating devices, i.e., they cannot he turned off by their gate signals. They can be turned off by either forced commutation or natural commutation. In forced commutation, the commutation logic (or circuit) imposes a reverse voltage bias across the thyristors, which turns them off within a few microseconds. In natural commutation, the thyristor naturally reaches the off-state after the current in the thyristor becomes zero. In this voltage control scheme, the thyristor commutation method is determined by the polarities of the input voltage and thyristor current. The commutation logic is explained as follows.
The arrow in Figure I 1 shows the direction of positive current flow. It is assumed that the input voltage is positive and a normal voltage condition exists. When a voltage sag event occurs, the voltage controller commands the thyristor gating to stop and commands the IGBT to initiate PWM switching. As the IGBT begins switching, the voltage at point 2 is higher than the input voltage at point 1 (because of the voltage boosting by the autotransformer). Thus, reverse bias is applied across the thyristor, and it turns off quickly. This means that turning-on the IGBT forces commutation of the thyristor if the input voltage and the thyristor current are both positive, i.e., they have the same polarity.
However, in the case of a negative voltage and a positive current (i.e., different polarities) in Figure 11 , turning on the IGBT causes more forward voltage bias to the thyristor because the voltage at point 2 is lower than that of point 1.
Hence, turning on the IGBT cannot commutate the thyristor when polarities are different. Therefore, once a voltage sag event occurs and the thyristor gate signals are removed, the IGBT gate signal should remain in the off-state until the thyristor current becomes zero. The commutation logic for the current flowing in the negative direction is explained in the same manner. The commutation logic can be summarized as follows:
Turn on the IGBT if the polarities of the thyristor current and the input voltage are the same. Keep the IGBT off, if the polarities are different and begin PWM after the thyristor current becomes zero. 
IV. EXPERIMENTAL VALIDATION
To verify the validity of the proposed new scheme, a proto-type was developed using a digital signal processor (DSP) as shown in Figure 12 . The DSP TMS320LF2407 is selected for the main controller, and it is a 16-hit fixed-point DSP, designed especially for motor drive applications and embedded systems. The experiments have been done using 120 volts low-voltage, while actual devices and their gate drivers for high voltage application are used. The load is made of a resistor and an inductor. Potential transformers (PT) are used to measure the input and the output voltage for monitoring the voltage sags and to serve as feedback for load voltage regulation. The current sensor is located at the thyristor pair branch and is used for checking the thyristor current polarity.
Based on voltage and current feedbacks, the DSPt generates the gate signals for the IGBTs and thyristors, which are transmitted through fiber optic cables that are connected to the gate drivers of the IGBT and thyristors.
The switching frequency of the IGBT is 1.5 Idiz. That of thyristor is 10 kHz, and the duty-cycle is 30%. The IGBT and thyristor gate drivers have another pair of fiber optic cables, which are used for checking the status of IGBTs and thyristors. The IGBT gate driver has protection circuits, such as under voltage and short circuit protection, and if a fault occurs, the protection circuit blocks the gating signal and informs the controller of a fault occurrence. To simulate a voltage sag condition, a sag generator consisting of two IGBT switching blocks, a variable transformer (Variac), gate drivers, and logic circuit has been developed. The corresponding voltage waveforms when the input voltage has a 40% sag are shown in Figure 14 . Figure 14 shows that the output voltage becomes the desired 120 volts within a half cycle. The figure also shows that there exists a voltage overshoot at the instant of voltage recovery caused by the detection delay in the voltage measurement. 
v . CONCLUSION
A novel configuration of a voltage sag mitigation device along with its control logic, which compensates a voltage sag based on a PWM switched autotransformer, has been proposed.
This voltage sag mitigation method is an economic and reliable solution because it reduces the total number of PWM switches. In addition to the basic configuration of the voltage mitigation method, many design issues such as RC turn off snubber, voltage detection, a voltage controller, and a thyristor commutation logic were investigated or suggested. Experimental results have been presented to show that this proposed system was able to mitigate the voltage sag with a fast dynamic response.
